Physical properties including magnetic susceptibility, room-temperature electrical resistivity, thermal conductivity, heat capacity, and thermal expansion are reported for high quality single-crystal samples of marokite CaMn 2 O 4 . We determined that CaMn 2 O 4 is highly electrically insulating and exhibits long-range antiferromagnetic order below T N = 217.5Ϯ 0.6 K with easy axis along a. Anisotropic thermal expansion, similar to that of crystallographically layered materials, is observed, suggesting that the crystal structure of CaMn 2 O 4 is also assembled from previously undescribed layers. An extensive thermodynamic study of the antiferromagnetic transition was undertaken resulting in a heat-capacity critical exponent ␣ = 0.082Ϯ 0.007 and calculated pressure derivative dT N / dP = 5.154Ϯ 0.174 K / GPa.
I. INTRODUCTION
Initial studies of CaMn 2 O 4 were published shortly after its discovery in 1963 in Morocco as a naturally occurring mineral. 1 It was subsequently named marokite for its country of origin and was found to crystallize in an orthorhombic structure with space group 2 Pbcm and exhibit antiferromagnetic ͑AFM͒ ordering below 225 K. 3 But in the decades following these preliminary investigations, further studies are completely absent in the literature until 2001, when CaMn 2 O 4 was studied as an impurity phase in the solid-state synthesis of manganese oxides exhibiting colossal magnetoresistance behavior. 4 CaMn 2 O 4 has since enjoyed some renewed interest; however, recently published studies have been primarily limited to reporting on aspects of the magnetic ordering [4] [5] [6] and crystal structure. 4, 5, 7 An extensive physical property characterization of CaMn 2 O 4 has yet to be conducted.
Compounds with chemical formula AB 2 O 4 frequently crystallize in the cubic spinel structure with space group Fd3m or a tetragonally distorted spinel structure with space group I4 1 / amd. This is true of several manganese oxide compounds: NMn 2 O 4 with N = Ni, Cu, Mn, Zn, Cd, Mg, and Li. 8, 9 The crystal structure of CaMn 2 O 4 is displayed in Fig. 1 as generated by JAVA STRUCTURE VIEWER. 10 It is primarily constructed from a complex network of MnO 6 octahedra. We can formulate a convenient description of this network by considering zigzag layers of edge-sharing octahedra running parallel to b, which are coupled along c by vertex sharing of apical oxygen sites. All MnO 6 octahedra are oriented with one of two tilted orientations with respect to the c axis and, while all octahedra display the same tilt orientation within each layer, successive zigzag layers alternate between the two. Tunnels along a between the zigzag layers are occupied by Ca 2+ ions. In stoichiometric CaMn 2 O 4 , all manganese ions are nominally high-spin Mn 3+ ͑3d 4 , t 2g 3 e g 1 ͒. This electronic configuration is well known to result in highly JahnTeller ͑JT͒ distorted MnO 6 octahedra. Neutron-diffraction studies observe 26% elongation of the axial Mn-O bond distances relative to equatorial in the octahedra. 4 The magnitude of this distortion certainly excludes the possibility of a cubic spinel structure for CaMn 2 O 4 but does not directly prevent the stabilization of a tetragonally distorted spinel structure. However, the large Ca 2+ ions do inhibit tetragonal symmetry. The A site in the spinel structure is located in a position which forms AO 4 tetrahedra. Comparison of the ionic radii of all divalent ions occupying a tetrahedral site reveals that Ca 2+ has the largest ionic radius of any with only Pb 2+ and Hg 2+ being slightly smaller. 11 Most other divalent ions in this situation ͑those generally occupying the A site of compounds which do crystallize in the spinel structure͒ have ionic radii 50%-70% as large as Ca 2+ ͑1.00 Å͒. 11 The structure of CaMn 2 O 4 is stabilized when Ca 2+ incorporates itself into eightfold coordination with CaO 8 polyhedra instead of CaO 4 tetrahedra. 4 ions which results in a unique crystal structure for CaMn 2 O 4 , generally referred to as the marokite structure. 5 CaMn 2 O 4 is a model JT system whose structural relationship with the spinels potentially helps to bridge the divide between spinel and manganate physics. Furthermore, the textbook AFM transition exhibited by CaMn 2 O 4 creates a unique opportunity to perform a detailed thermodynamic study of an exemplary continuous phase transition. With this in mind, we present herein measurements of magnetic susceptibility, electrical resistivity, thermal transport, heat capacity, and thermal expansion for single crystalline CaMn 2 O 4 .
II. EXPERIMENT
High quality single crystals of CaMn 2 O 4 were grown using the standard floating zone method and characterized as described previously. 12 A representative crystal boule was oriented with back-reflection Laue diffraction, and three parallelepiped samples with millimeter dimensions were cut and polished each with longest dimension parallel to one of the three orthorhombic lattice parameters to within 1°. All measurements were performed on these oriented parallelepiped samples.
Magnetization and heat-capacity measurements were conducted with vibrating sample magnetometer ͑VSM͒ and heat-capacity options, respectively, using a physical properties measurement system ͑PPMS͒ from Quantum Design. Magnetic susceptibility measurements above 400 K were conducted with the VSM oven option in high vacuum. The heat-capacity option uses a thermal relaxation technique. The accuracy of the data depends on the sample's thermal coupling with the sample stage but can be estimated to be better than Ϯ1% for temperatures between 100 and 300 K and Ϯ3-5% for data below 100 K. 13 Thermal-expansion measurements were made using a capacitance dilatometer cell constructed of fused quartz.
14 The resulting data is sensitive 14 to length changes on the order of 0.1 Å. Thermal conductivity was measured in a radiation-shielded vacuum probe using a 25-m-diameter differential chromel/ constantan thermocouple and steady-state technique. Heat losses via radiation and conduction through leads were determined in separate experiments and the data were corrected accordingly. This correction was typically 10%-15% near room temperature and ϳ2% for T Ϸ 150 K. Electrical resistance was measured at room temperature using an electrometer.
III. MAGNETIC SUSCEPTIBILITY
AFM order below T N = 220 K has been previously observed in both magnetization 4, 5 and neutron-diffraction [3] [4] [5] studies of CaMn 2 O 4 . As the temperature is lowered through T N , the symmetry of the magnetic superstructure was found to require a doubling of the crystallographic a axis to define the magnetic unit cell 4,5 which is described by the ⌫ 2 irreducible representation of the space group 5 Pbca. Neutrondiffraction studies of the magnetic structure observed that the AFM sublattices antialign along the a axis with negligible canting along the b and c axes. 4, 5 JT distortion of the MnO 6 octahedra creates six unique Mn-O bond lengths. 4, 5, 7 As a result, there are six distinct superexchange interaction strengths between neighboring Mn 3+ ions facilitated through the oxygen ions that their MnO 6 octahedra share. Whangbo et al. 6 studied these superexchange interactions in detail, calculating a spin exchange parameter J = J AFM + J FM for each superexchange pathway using spin dimer analysis. They concluded with confidence that four interactions were AFM. The remaining two were observed to be weakly AFM from their calculations, though they noted that neutron-diffraction experiments 4 suggest a weakly ferromagnetic interaction is possible. The latter scenario enables the potential for weak magnetic frustration.
Magnetic susceptibility was measured, after zero-field cooling, between 10 and 350 K in an applied field of 2000 Oe. The results are displayed in Fig. 2͑a͒ . The behavior of along each axis is best described within three temperature regions. Well above T N , CaMn 2 O 4 is expected to exhibit paramagnetism ͑PM͒ described by the Curie-Weiss ͑CW͒ law. 4, 5 AFM ordering is observed along each axis just below 220 K; however, the anomaly along a is much more distinct than along b and c ͑consistent with the previous identification of a as the magnetic easy axis͒. 4, 5 The true value of T N is somewhat difficult to extract from . In lieu of a better method, we identify the temperature of the peak in d / dT as the Néel temperature ͑T N = 217.3Ϯ 0.3 K͒. This is shown in the inset of Fig. 2͑a͒ . Below T N , exhibits the textbook characteristics of AFM order within an anisotropic magnetic structure until ϳ75 K when an upturn is observed. This same upturn has been previously reported in polycrystalline samples where explanations have invoked scenarios where either spin canting 5 or a minor, Mn-based magnetic impurity phase 4, 5 was responsible. Our results support the latter position as will be explained in detail.
Proper as calculated from tabulated 15 ionic values. The Van Vleck contribution is more challenging to calculate; however, VV is expected to be of the same order as D . Conduction-electron contributions leading to Pauli PM, P , can be completely neglected because of the electrically insulating behavior measured in transport properties ͑see Sec. IV͒. After non-CW contributions were subtracted from , we fit the data to the CW law for PM:
, and ⌰ CW is the CW temperature. We assumed the Landé g factor is 2.0 and that the orbital angular momentum is quenched by the oxygen crystal field 4, 5 so that J = S. CW fits below 400 K result in unreasonable values for S ͑expected to be 2.0 given the Mn 3+ highspin electronic state͒, which are inconsistent with the chemical characterization of our samples. 12 Magnetic susceptibility ͑not shown͒ was subsequently measured for a randomly oriented sample between 300 and 500 K to fit at higher temperature. It is evident that above 420 K, deviations from CW behavior, likely due to short-range magnetic order, become insignificant. Between 420 and 500 K, the fit is optimized by C = 6.896Ϯ 0.005 emu K mol −1 Oe −1 and ⌰ CW = −376.8Ϯ 0.6 K. If we assume there are exactly two Mn ions per CaMn 2 O 4 unit ͑good to within about 1%͒, 12 then each contributes an average spin of S = 2.174 which is about 9% higher than expected. The most plausible explanation for this is that there is an additional contribution to which must be subtracted to isolate CW behavior. The negative value of ⌰ CW is consistent with long-range AFM order.
The upturn in below 75 K in Fig. 2͑a͒ is reminiscent of PM. It appears to be isotropic which should probably disqualify spin canting as a possible explanation. Assuming this is correct, below T N , after accounting for D and VV , is composed of contributions associated with an AFM ordering AFM and a simple PM background CW . CaMn 2 O 4 displays typical AFM behavior wherein approaches zero along a ͑easy axis͒ and is weakly temperature dependent ͑almost constant͒ along b and c. Though we cannot reliably subtract AFM from , we can fit the upturn with the CW law between 10 and 17 K where AFM is roughly zero along a and approximately constant along b and c. The fit along the a-axis upturn can be seen in Fig. 2͑b͒ . CW fits to the upturns provide values for ⌰ CW : 8.17, 12.10, and 13.56 K along a, b, and c, respectively. We consider only ⌰ CW here because we derived a relationship between the ⌰ CW values, optimized along different directions i and j, by assuming = CW + AFM . 
Using Eq. ͑2͒, we estimate that the difference between ⌰ CW,b and ⌰ CW,c should be approximately 2.95 K; the actual difference is found to be 1.5 K. The discrepancy is surely related to our assumption that the AFM susceptibility contributions along b and c are identical. After establishing the nature of the upturn as probably PM, the next step is to identify which ions are responsible. We expect a negligibly low level of impurities to exist in the samples themselves as was demonstrated by several chemical characterization methods. 12 Therefore, the PM ions are necessarily identified as manganese ions. Oxygen nonstoichiometry in the samples leads directly to the formation of small amounts of Mn 4+ or Mn 2+ depending on whether excess oxygen has been absorbed or the samples are oxygen deficient, respectively. Measurements of the average manganese valence in crystals using iodometric titration have shown that an average of ϳ1% of all manganese ions was in the Mn 4+ oxidation state. 12 The most accurate estimate of the true Curie constant associated with the PM upturn ͑without the influence of AFM ͒ comes from the a-axis data where AFM is the smallest. Yet, C a Ј= 0.27122 emu K mol The definitive distinction between CaMn 2 O 4 and other calcium manganese oxide phases is that it is composed entirely of Mn 3+ ions rather than Mn 4+ , which results in highly JT distorted MnO 6 octahedra. It is therefore more instructional to consider the behaviors of other compounds containing JT distorted octahedra. The most well-studied material fitting this description is LaMnO 3 , generally considered to be a Mott insulator with RTR between 10 3 and 10 5 ⍀ cm depending on Refs. 19 and 20 ͑highly sensitive to oxygen nonstoichiometry͒. Studies of LaMnO 3 in the vicinity of the JT transition at T JT have demonstrated a significant resistivity decrease above T JT when the distortion of the MnO 6 octahedra is relieved. [19] [20] [21] In fact, optical conductivity measurements 22 reveal the opening of a gap below T JT in the electronic structure of LaMnO 3 -a gap whose existence is predicted by band-structure calculations. 23 The onset of JT distortion lifts the degeneracy of the e g levels opening a gap between the half-filled d 3z 2 −r 2 and empty d x 2 −y 2 orbitals. It seems reasonable that an energy gap originating from the JT distortion could also be responsible for insulating behavior in CaMn 2 Finally, we can conclude that the high RTR values are reflective of the high quality of the single-crystal samples. Even relatively low levels of impurities or defects would manifest themselves as impurity conduction-a scenario which is not observed.
B. Thermal transport
The thermal conductivity for all three transport directions is shown in Fig. 3 . The sharp maxima near 20 K are typical signatures of lattice conduction in crystalline insulators having modest imperfections. Any spin-wave contribution is likely negligible in comparison to that of the lattice except at the very lowest temperatures ͑Ͻ1 K͒. The DebyeCalloway model 26 was found to provide an excellent description of the data for T Յ 125 K ͑see the lower inset of Fig. 3͒ . A sum of relaxation rates representing phonon scattering by other phonons ͑Umklapp processes͒, sheetlike faults, and pointlike defects was employed with forms, A 1 2 2 2 , and A 3 4 , respectively ͑ = vq is the phonon frequency͒. A sound velocity v = 2800 m / s ͑⌰ D = 384 K͒ provided the best fit to for all orientations, indicating isotropic elastic properties. Parameter values in the ranges A 1 = ͑1.8-2.1͒ ϫ 10 −17 s / K, A 2 = ͑1.6-2.1͒ ϫ 10 −17 s, and A 3 = ͑3-8͒ ϫ 10 −44 s 3 were employed for the b-and c-axis data; defect terms ͑A 2 and A 3 ͒ two to four times larger were required to model the a-axis data. Whether this difference can be attributed to the magnetism or is simply a consequence of a higher defect concentration in the a-axis specimen will FIG. 3 . ͑Color online͒ Thermal conductivity measured along all three crystallographic axes. The upper inset shows an anomaly in at T N resulting from magnetostrictive effects that modify the phonon dispersion ͑lines are a guide to the eyes͒. The lower inset displays low-temperature fits ͑solid line through data͒ to using the Debye-Calloway model. require further measurements to determine. AFM domain boundaries are a likely source of strain that can scatter heatcarrying acoustic phonons, and it is possible that such scattering is enhanced for heat flow along the magnetic easy axis. The phonon mean-free paths at 10 K, inferred from the values of and the specific heat ͑see Sec. V͒ ᐉ =3 / C P Ϸ 10-20 m, are for all specimens substantially smaller than the minimum crystal dimension ͑0.5-0.7 mm͒. This indicates, consistent with the model fitting, that boundary scattering was negligible.
At higher temperatures, the slope-change anomalies in at T N ͑see upper inset of Fig. 3͒ are typical of magnetostrictive effects that modify the phonon dispersion and/or scattering. The slope change occurs at T N = 218Ϯ 0.5 K, in rough agreement with the result from magnetization ͑T N = 217.3Ϯ 0.3 K͒. The temperature dependence of in the PM phase is considerably weaker than the ϳ 1 / T n ͑n ϳ 1-2͒ behavior typical of anharmonic decay. Similarly weak temperature dependencies of are found in the PM phases of AFM materials such as MnO, 27 CaMnO 3 , 28, 29 and YMnO 3 ͑Ref. 30͒ and have been attributed to phonon scattering by nanoscale strain generated by spin fluctuations.
V. THERMODYNAMIC PROPERTIES
There are three basic thermodynamic response functions: heat capacity, compressibility, and coefficient of thermal expansion. 31 To characterize the thermodynamic nature of CaMn 2 O 4 , we measured both heat capacity and thermal expansion. Each provides critical insight individually, but simultaneous analysis using the method of Souza et al. 32 can also be used to extract a critical exponent ␣ associated with the singularity at T N and can provide a calculation for dT N / dP.
A. Heat capacity
Heat capacity at constant pressure between 2 and 300 K is displayed in Fig. 4 . A -peak singularity is clearly revealed at T N = 217.39Ϯ 0.06 K. At low temperature, we fit the data with a function of the form C P = ␥T + ͑␤ latt + ␤ AFM ͒T 3 . Terms of other orders including T −2 , T 2 , and T 5 characterizing contributions from the nuclear moment of 55 Mn, longwavelength spin-wave excitations, and higher-order lattice terms, respectively, 33 were neglected because they did not improve the fit. The linear term accounts for the electronic contribution and is characterized by the Sommerfeld parameter ␥, while the cubic term describes contributions from the lattice and AFM spin excitations 33 and is characterized by ␤ Tot = ␤ latt + ␤ AFM . The fit was carried out by plotting C P / T against T 2 and by fitting a linear region below 42 K. It was optimized with ␥ = 0 J mol −1 K −2 ͑a negligible value is not surprising in light of the insulating behavior discussed in Sec. IV͒ and ␤ Tot = 1.367ϫ 10 −4 J mol −1 K −4 . The Debye temperature was estimated to be ⌰ D = 463Ϯ 4 K. However, ⌰ D , is proportional to ␤ latt −1/3 , and because there is no method to decouple ␤ latt from ␤ Tot , we expect our estimate to be slightly lower than the true value.
The heat capacity was measured to highest temperature at 305 K at which it is about 145 J mol −1 K −1 and continues to trend upward as shown in Fig. 4 . At still higher temperature, it should asymptotically approach 21R Ϸ 174.6 J mol
as predicted by the classical law of Dulong-Petit for a crystal with seven atoms per formula unit, though the asymptotic value may be smaller due to the contribution of lighter oxygen atoms. 34 Classically, it should asymptotically approach 21R well above ⌰ D , so our high-temperature data appear to be entirely consistent with expected behavior.
The molar entropy, S, was calculated by ͓͐C P / T͔dT while constraining the integration constant so that S → 0 as T → 0. It is displayed in Fig. 4 with C P . The total molar entropy change from 2 to 305 K was 151.5Ϯ 0.5 J mol −1 K −1 . The magnetic entropy contribution S Mag associated with the transition can be extracted from the calculated entropy by subtracting from S an entropy background ͑representing all nonmagnetic contributions͒, calculated with a polynomial fit of S between 80-305 K excluding the region immediately around the singularity. 32 The change in entropy due to AFM spin ordering was found to be ⌬S Mag = 1.19Ϯ 0.03 J mol −1 K −1 . We can compare this with the somewhat naïve calculation of N spins per mole, randomly oriented with S Mag =2R ln 2, which transition to a perfectly ordered state with S Mag =0͑⌬S Mag = 11.53 J mol −1 K −1 ͒. The large disparity between experiment and model is attributed to unintentional inclusion of magnetic entropy contributions to the subtracted entropy background. The observation of magnetic fluctuations leading to departure from CW behavior up to 200 K above T N suggests short-range order exists well above the temperature range we considered when extracting S Mag . Furthermore, deviation from Debye behavior above 120 K suggests a significant continuation of AFM ordering well below T N . These observations indicate the necessity of expanding the temperature range far beyond the vicinity of the singularity to properly extract S Mag ͑we constrained S Mag to the boundaries of the singularity͒. This task is inhibited by the nontrivial difficulty of reliably subtracting other entropy contributions in those regions where the magnetic contribution is by no means obvious. FIG. 4 . Heat capacity at constant pressure ͑left abscissa͒ and entropy ͑right abscissa͒.
B. Thermal expansion
Linear thermal expansion ⌬L / L, normalized at 295 K, is plotted in Fig. 5͑a͒ , revealing anisotropic behavior comparable to compounds with layered crystal structures such as Na x CoO 2 and YBa 2 Cu 3 O 7−␦ wherein a strong anisotropy exists between inter-and intralayer ⌬L / L. 35, 36 The transition at T N is clearly visible as kinks in ⌬L / L, most pronounced along b and c. All three axes contract with decreasing temperature throughout the measured temperature range except along c, where an expansion takes place just below T N and again below 25 K before contracting at 8 K. The inset of Fig.  5͑a͒ highlights the complex detail of ⌬L / L along the c axis. Negative thermal expansion at low temperature may be associated with thermal population of anomalous phonon modes 37 and is common in layered systems. Comparison reveals that the behavior along a and b ͑interlayer͒ is qualitatively similar with a few subtle differences. Above 200 K, the a axis experiences the largest relative contraction of the three crystallographic axes, but the onset of magnetic order at T N results in a higher rate of contraction with decreasing temperature along b, while modifying the contraction rate along a comparatively little. This contraction rate disparity below T N results in more relative contraction along b than a below 200 K. The c-axis contraction is much smaller than the other two axes. A similar anisotropy is often observed in layered materials, suggesting that the "layers" in the a-b plane might share similar phonon-dispersion characteristics. However, the quasi-two-dimensional ͑2D͒ nature of the crystal structure does not result in 2D magnetic behavior because superexchange calculations suggest that the interlayer coupling between MnO 6 zigzag chains is as strong as the intralayer coupling. 6 Refinements of lattice parameters from powder neutron-diffraction report relative reductions of 0.38%, 0.43%, and 0.060% between 300 and 20 K for ⌬a, ⌬b, and ⌬c, respectively. 4 Our direct measurements of ⌬L / L provide consistent results in the same temperature range: 0.358%, 0.379%, and 0.059% for ⌬a, ⌬b, and ⌬c, respectively. The slight difference should be attributed to a combination of uncertainty in the neutron-diffraction refinements and a minor admixture of contributions from the c axis in our measurements along a and b, the result of which reduces the total relative contraction along those axes.
The linear coefficient of thermal expansion = d͑⌬L / L͒ / dT is a more thermodynamically relevant quantity than ⌬L / L. Results for ͑point by point derivatives of our ⌬L / L data with no fitting or smoothing͒ are displayed in Fig. 5͑b͒ . There are three general features that require some attention. First, the -shape singularities at T N are clearly indicative of the continuous nature of the phase transition. AFM ordering at T N results in strains along a and b opposite in direction to the strain along c. Similar opposing strains 35, 36 are observed at T N in Na x CoO 2 and T c in YBa 2 Cu 3 O 7−␦ . We defer our full analysis of the features in C P and ⍀ = a + b + c to Sec. VI where a simultaneous analysis is conducted. Second, along each axis asymptotically approaches zero as temperature approaches zero. This is required by the third law of thermodynamics given the definition: L ϵ −͑‫ץ‬S / ‫ץ‬P͒ T . Finally, increases rapidly with increasing temperature around 25 K. This is especially apparent along a and b. C P increases at the same temperature ͑see Fig. 4͒ , suggesting that this behavior designates the onset of strong phonon activity. Consequently, we observe the anharmonic peak in ͑displayed in Fig. 3͒ at about the same temperature.
C. Analysis of paramagnetic-antiferromagnetic phase transition
Deep insight into the nature of a magnetic phase transition is gained from careful analysis of its critical behavior. The singularity in heat capacity around T c originates from a nonanalytic term in the thermodynamic free energy and can be asymptotically described by a function of the form
where t is the reduced temperature t ϵ͑T − T c ͒ / T c ; A Ϯ , B Ϯ , and D are constants; and ␣ Ϯ is the critical exponent. 32, 38 Quantities with plus-minus subscripts denote 39 Extracting ␣ Ϯ from heat-capacity data is nontrivial because the data density required is not practical with the thermal relaxation technique. Also, the inability to warm a sample uniformly and simultaneously leads to a smaller effective sample size and averaging effects which are especially detrimental in the vicinity of the sharp singularity. This results in broadening or rounding as well as a tendency to cut the singularity's peak off significantly. However, Souza et al. 32 demonstrated that ⍀T scales with the same critical exponent as C P ‫ء‬ . This is fortunate because our thermalexpansion measurements are less susceptible to the averaging effects which alter the singularity in C P ‫ء‬ . After superimposing C P ‫ء‬ ϵ C P − a − bT with ⍀T, ␣ Ϯ may be extracted from ⍀T instead. 32 The linear term subtracted from C P represents the lattice contribution near T c , and is a constant which depends on the molar volume v and ‫ץ‬T c / ‫ץ‬P.
32
The overlap between C P ‫ء‬ and ⍀T for CaMn 2 O 4 is optimized by = 8900Ϯ 300 J mol −1 K −1 . As can be seen in Fig.  6͑a͒ , the quality of the overlap is excellent-a requirement for continuous phase transitions. 32 One benefit of this overlap technique 32 is that the pressure derivative of T c may be Fig. 6͑b͒ , though not significantly. A similar observation has been made in other materials 32, 38 and justified by assuming that the prefactors for the correlation length, which also exhibits critical behavior ϳ g Ϯ ͉t͉ − with exponent , obey g + Ͻ g − . The critical exponent associated with the AFM transition in CaMn 2 O 4 is 0.082Ϯ 0.007, calculated by averaging ␣ + and ␣ − . However, this value cannot be positively assigned to any currently existing universality class. Unfortunately, the vast majority of critical exponent calculations has concentrated solely on ferromagnetics. For a typical AFM universality class, too many fixed points exist within the renormalization-group perspective, making calculations extremely cumbersome, and few Monte Carlo studies 40 currently exist. It has been suggested that for simple AFM order on a loose-packed lattice the ferromagnetic predictions for corresponding universality classes are equivalent. 41 But this could only include a few elementary AFM materials, among which CaMn 2 O 4 cannot be counted. We are, however, able to compare this exponent with experimental results for MnF 2 ͑0 Ͻ ␣ Ͻ 0.1͒ ͑Ref. 42͒ and contrast it with Co 3 O 4 ͑−0.15Ϯ 0.06͒ ͑Ref. 43͒ and NiO ͑−0.118Ϯ 0.006͒. 44 Further work, both theoretical and experimental, is required on materials with similar magnetic behavior to say anything definitive about this exponent, beyond that it is consistent with our identification of a continuous magnetic phase transition.
VI. CONCLUSION
Physical properties including magnetic susceptibility, room-temperature electrical resistivity, thermal conductivity, FIG. 6 . ͑Color online͒ ͑a͒ Overlap between C P ‫ء‬ ͑triangles͒ and T⍀ ͑open circles͒ in the critical temperature region around T N . ͑b͒ Critical behavior above and below T N as characterized by linear fits of thermal-expansion data on a log-log plot.
heat capacity, and thermal expansion are reported for singlecrystal CaMn 2 O 4 . We determined that CaMn 2 O 4 is highly electrically insulating from measurements of resistance at room temperature. Identification of an insulating ground state is consistent with the Sommerfeld parameter extracted from heat capacity and the anharmonic peak observed in thermal conductivity. Comparison with LaMnO 3 and other manganese oxides composed of Mn 3+ , and therefore JT distorted MnO 6 octahedra, seems to demonstrate a correlation between JT distortion and insulating behavior. The high degree of JT distortion in CaMn 2 O 4 is expected to be responsible for these observations. Magnetic susceptibility measurements are consistent with long-range AFM order below T N = 217.5Ϯ 0.6 K with easy axis along a. T N is reported from considering the anomalies in all our measurements ͑ex-cept electrical resistivity͒ and is several degrees below the temperature previously stated in neutron and magnetization studies. 4, 5 An isotropic upturn in magnetic susceptibility along all three crystallographic axes is determined to be a paramagnetic contribution from non-Mn 3+ manganese ions which exist in small amounts due to oxygen nonstoichiometry. Thermal-expansion measurements suggest that CaMn 2 O 4 may be considered layered from a crystallographic perspective as it exhibits the same anisotropy observed in layered compounds. These layers may be identified as the zigzag chains of edge-sharing MnO 6 octahedra running parallel to b with edge-sharing connectivity along a and vertex sharing of every other octahedron along c. The effect of this structure is to provide a quasi-2D nature to the phonons, while magnetic superexchange interactions 6 remain relatively isotropic and 3D in nature. An extensive thermodynamic study of the AFM transition was undertaken using simultaneous analysis of heat capacity and thermalexpansion coefficient 32 resulting in a heat-capacity critical exponent ␣ = 0.082Ϯ 0.007 and calculated pressure derivative dT N / dP = 5.154Ϯ 0.174 K / GPa. We are currently unable to conclude anything definitive about our value of ␣ except that it is consistent with a continuous phase transition.
